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Abstract: Atmospheric deposition is one of the most important pollutant pathways for urban 
stormwater pollution. Atmospheric deposition can be in the form of dry and wet depositions which 
have distinct characteristics in terms of pollutant types, pollutant sources and influential parameters. 
This paper discusses the outcomes of a comprehensive study undertaken to identify the 
characteristics of wet and dry deposition of pollutants.  
 
Sample collection was undertaken at eight study sites with distinct characteristics. Four sites were 
close to road sites with varying traffic characteristics, whilst the other four sites had different land use 
characteristics. Dry deposition samples were collected for different antecedent dry days and wet 
deposition samples were collected immediately after rainfall events. The dry deposition was found to 
increase with the antecedent dry days and consisted of relatively coarser particles (greater than 1 µm) 
when compared to wet deposition. The wet deposition showed a strong affinity to rainfall depth, but 
was not related to the antecedent dry period. It was also found that smaller size particles (less than 1 
µm) travel much longer distances from the source and deposit mainly with the wet deposition. 
 
Keywords: Atmospheric deposition; Urban stormwater pollution; Traffic emissions; Wet and dry 
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1. INTRODUCTION 
Stormwater pollution due to rapid urbanisation along with the increase in anthropogenic activities is a 
major environmental concern. However, the formulation of effective urban stormwater quality 
management strategies is difficult and requires in-depth understanding of the sources and transport 
characteristics of pollutants. Atmospheric deposition has been recognised as a significant source of 
pollutants to urban stormwater (Huston et al, 2009; Lim et al, 2006; Rocher et al, 2004; Sartor & Boyd, 
1972). Moreover, urban traffic has been recognised as one of the main sources of pollutant build-up 
on surfaces (Pohjola et al, 2002).  
  
However, there have been limited investigations in South East Queensland, Australia, on the role of 
atmospheric deposition as a stormwater pollutant source. Furthermore, important characteristics of 
atmospheric deposition have not been investigated in-depth. This includes factors such as the 
variation of atmospheric deposition with the antecedent dry period and comparisons between wet and 
dry deposition. The role of the antecedent dry period in relation to atmospheric deposition is important 
as the occurrence of long dry periods is a common phenomenon in Australia. Additionally, despite the 
fact that wet and dry deposition at the same locality merits investigations in order to determine the 
dominant process in terms of associated pollutants and their concentration, only a limited number of 
research publications are available which discusses both wet and dry deposition for the same area 
(Pekey et al, 2007).  
 
In the research study discussed in the paper, both wet and dry atmospheric deposition of solids was 
investigated in detail at multiple locations at the Gold Coast, South East Queensland, Australia. A 
primary aim of the study was to determine the variability of atmospheric deposition with urban traffic 
and key land use activities. Samples were collected at multiple locations in close proximity to roads 
with a range of traffic volumes as well as sites with high intensity of urban activities.  
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2. MATERIALS AND METHODS 
2.1 Sampling Sites 
Field investigations were conducted at two sets of study sites at the Gold Coast as shown in Figure 1. 
The first set of sites (referred to as “set 1”) is from highly urbanised areas with different anthropogenic 
activities as given in Table 1. The second set of sites (referred to as “set 2”) is from typical suburban 
road sites with different traffic volumes. Traffic volumes, in the form of average daily traffic (ADT) were 
determined for the selected sites from a traffic count. There were four sites identified for each 
sampling set. Each site was sampled seven times covering three rainfall events and four dry sampling 
events. Figure 1 illustrates spatial distribution of the sampling locations.   
 
Figure 1: Location map  
 
Table 1: The selected sites 
aADT=Average Daily Traffic;  bQT=Queensland Transport 
Sites located in highly urbanised areas 
(set 1) 
Sites with different traffic 
characteristics (set 2) 
 Site 
name 
Location Land use activity Site Name Traffic 
Data (ADT)a 
Land use 
Southport 
Library 
Southport 
Library 
Commercial and 
industrial activities 
Abraham 
Road 
8742 Commercial 
Miami 
Depot 
Council 
Depot 
Residential, Commercial  
and industrial activities 
Reserve 
Road 
10027 Residential 
Highland 
Park 
30,Jabiluka 
Drive 
Residential  activities Discovery 
Drive 
10690 Residential 
Yatala bQT site 
office 
Industrial activities Beattie 
Road 
 
 
 
 
4633 Industrial 
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2.2 Field Sampling 
The wet and dry deposition sampling apparatus developed by Hill & Caritat (2002) was adapted for 
this study. The design was modified to suit the sampling programme. Instead of one sampling head, 
two sampling heads were incorporated to accommodate bulk and dry deposition sampling as shown in 
Figure 2. Wet plus dry deposition is referred to as bulk deposition (Durst et al, 1991; Huston et al, 
2009). As it was not practical to collect wet deposition samples separately, bulk and dry deposition 
sampling was conducted together at each sampling location. Subsequently, the wet deposition load 
was determined by deducting dry deposition from the bulk deposition. 
 
 
Figure 2: Sampling apparatus  
 
The sampling apparatus consisted of a section of white PVC stormwater tube (300 mm long x 90 mm 
diameter) bolted to a 2400 mm steel star-picket pole. When the picket was driven solidly into the soil, it 
extended to a height of about 2000 mm above ground. The 2,000 mm height above ground was aimed 
at minimising contamination from resuspended particles generated by traffic induced and natural wind 
(Rocher et al, 2004).The collection vessels for the unit consisted of 500 mL high density polyethylene 
(HDPE) narrow-neck bottles (167 mm high x 73 mm outside diameter) with 190 mm inner diameter 
polypropylene funnels. 
 
Both bulk and dry deposition collectors were installed at the same time immediately after a rainfall 
event, as the atmospheric pollutant load is minimal (Ravindra et al, 2003). One sampling head was 
used to collect dry deposition and the other head was used to collect bulk deposition. Dry deposited 
samples were collected at antecedent dry days of 3, 4, 6, and 7 days respectively after a rainfall event 
and bulk deposition samples were collected immediately after the next rainfall event. The same 
procedure was repeated if it rained in-between sampling episodes. After collecting a set of samples, 
acid washed bottles and funnels were replaced in the apparatus to be used for the next sampling 
event. Sample collection was done according to Australian and New Zealand Standards: 3580.10.1 
(AS/NZS, 2003). Samples were transported and preserved as per Australian and New Zealand 
Standards: 5667:1 (AS/NZS, 1998). 
 
Both bulk and dry deposition samples were transferred to acid washed 1000 mL high density 
polyethylene bottles for sample preservation. In order to remove insects trapped in samplers, the 
samples were filtered with a plastic tea strainer before being transferred to polyethylene bottles. 
Complete transfer of wet deposition samples was achieved by washing the bottles and funnels with 50 
mL of deionised water. The samples were transported to the laboratory and stored at 4 ºC temperature 
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until analysis was carried out. 
 
2.3 Laboratory Analysis  
Suspended particulate matter (SPM) in air refers to all airborne particles within an aerodynamic 
particle size range from 0.01 μm to 100 μm IO-2.1 (US EPA, 1999). Here, SPM measurement focused 
on total suspended particulates (TSP), with no preference to size distribution. In order to determine 
TSP mass, firstly, total suspended solids (TSS) and total dissolved solids (TDS) concentrations were 
determined as samples were collected in a liquid matrix. TSS concentration was calculated by 
measuring the dry weight retained on a 0.45 µm pore size glass fibre filter paper as specified in 
method no. 2540C (APHA, 2004). TDS concentration was determined by measuring the dry weight of 
dissolved solids by evaporating a 50 mL aliquot.  
 
As specified in Australia and New Zealand Standards: 3580.10.1 (AS/NZS, 2003), quality control and 
quality assurance procedures were followed for the bulk and dry deposition sampling and testing. The 
sampling bottles and funnels were acid washed and then rinsed with deionised water followed by 
storage in air-tight plastic containers to prevent contamination. As recommended, testing of laboratory 
reagent blanks and field reagent blanks was undertaken as a part of the quality assurance measures.  
 
Malvern Mastersizer S instrument was used to determine the particle size distribution (PSD). A 300RF 
lens was installed in the instrument for this analysis as it is the most suitable for analysing particles in 
the range of 0.01-900 µm. As specified, the accuracy of the process is ± 2% of the volume mean 
diameter for this size range (Malvern Instrument Ltd, 1997). 
 
2.4 Quality control 
As specified in test method 3580.10.1 (AS/NZS 2003), all the quality control and quality assurance 
procedures were followed for the wet and dry deposition sampling and testing. As part of the quality 
control and quality assurance procedure, sampling funnels and bottles were acid washed in the 
laboratory and stored in airtight boxes. Testing of laboratory reagent blanks and field reagent blanks 
was undertaken as a part of quality assurance measures. Additionally, all the sampling apparatus 
were acid washed and then rinsed with deionised water followed by storage in air tight plastic boxes to 
prevent contamination in the laboratory environment or during transportation. Thereby, the 
contamination of sampling and testing apparatus was eliminated. Analytical grade stock solutions 
were used for the preparation of samples and standards as recommended in the test method.  
 
3. RESULTS 
Data analysis was conducted to investigate the variation of atmospheric deposition with traffic and 
land use activities. Additionally, variation of atmospheric deposition with antecedent dry period was 
investigated. The results from the data analysis led to a number of important findings essential for 
estimating the contributions of atmospheric deposition to stormwater pollution. The analysis was done 
for dry and bulk deposition samples separately. 
3.1  Dry Atmospheric Deposition 
In order to investigate the variation of dry deposition with the antecedent dry period, atmospheric 
deposition load was plotted against the number of antecedent dry days as shown in Figure 3. It was 
found that the total dry deposition increases with antecedent dry days for both “set 1”and “set 2” sites. 
It is postulated that the increase in dry deposition with antecedent dry days is due to the increase in 
atmospheric particulate concentration. As Sabin et al (2005) noted, dry deposition is proportional to 
atmospheric pollutant concentration. Also, Jeong-Hee et al (2006) noted that pollutants in dry 
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deposition depend on antecedent dry period and lower dry deposition consistently occurs in the first 
five days after rainfall. A primary reason for this phenomenon could be the initial removal of an 
appreciable amount of particulates from the atmospheric phase with rainfall and subsequent build-up 
of atmospheric particulates during the ensuing dry days.  
 
Another important observation from Figure 3 is that two separate clusters of dry deposition are formed 
for “set 1” sites and “set 2” sites. As “set 1” sites were selected to represent intensive land use 
activities, atmospheric pollutant build-up would be higher in these sites. Also, the density of the road 
network is higher in the vicinity of “set 1” sites. This would result in relatively heavy accumulation of 
particulates generated due to traffic and other anthropogenic activities. This has consequently resulted 
high depositions in close proximity to source of origin. However, a significant fraction of particulate 
pollutants can disperse in atmospheric phase due to differences in concentrations in set 1 and set 2 
sites.   
 
Although “set 2” sampling sites were selected by considering the variability of traffic, there is no 
appreciable variation in dry deposition among them. There are two possible reasons for this 
behaviour: (1) transport of particulates to these areas from the high emitting areas such as set 1 sites; 
(2) rapid distribution of traffic generated pollutants by wind turbulence due to traffic movements.  
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Figure 3: Variation of dry deposition with dry days 
 
The data analysis revealed that dry deposition is lower during one sampling event as shown in Figure 
3. Therefore, investigations were undertaken to assess whether there is a clear relationship with this 
event and climate parameters. The minimum dry deposition (total deposition over dry days) occurred 
when the wind speed is minimal as shown in Table 1. Therefore, it can be hypothesised that the wind 
plays a secondary role in particulate deposition. The linear correlation coefficient of 0.37 between wind 
speed and dry deposition indicates that the influence of wind on dry deposition is not significant.  
 
Table 1: Climatic parameters for “set 2” sites 
Dry days 
Dry deposition  
(mg/m2) 
 
Temperature (°C) 
Relative 
humidity 
 
Average wind condition 
Speed (km/hr) Direction 
3 84.40 23.09 58.11 19.15 NNE 
4 134.55 19.33 77.06 13.62 N 
5 122.61 17.20 85.00 8.50 WSW 
6 278.03 19.13 56.89 19.89 S 
7 390.16 21.88 73.34 17.21 S 
“Set 1”sites 
“Set 2” sites 
Low deposition event 
6 
 
3.2 Bulk Atmospheric Deposition 
The data derived were investigated to assess whether a trend similar to dry deposition samples where 
separate clusters was noted, could also be observed for the bulk deposition samples. Figure 4 
illustrates that “set 1” and “set 2” sites are grouped separately depending on the bulk deposition load. 
As “set 1” sites have generated higher bulk deposition loads compared to “set 2” sites, it can be 
concluded that more intensive land use activities generate higher pollutant loads to the atmosphere 
and consequently to bulk deposition.  
 
The data analysis further revealed that there is no clearly visible relationship between the bulk 
deposition and antecedent dry days. Therefore, other influential parameters such as rainfall depth 
were investigated. As shown in Figure 4, bulk deposition is related linearly to the rainfall depth for the 
monitored rainfall events. Therefore, it can be concluded that the fraction of removal of the 
atmospheric pollutant load is directly related to the rainfall depth. These conclusions confirm the 
findings by Rocher et al (2004) in a study conducted in Paris. They noted that the wet scavenging 
process, which is the process of removal of pollutants from the atmosphere with the rainfall, depends 
on the rainfall amount rather than other rain event characteristics.  
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Figure 4: Variation of bulk deposition with rainfall depth 
3.3 Physical Characteristics of Atmospheric Deposition 
The analysis of particle size distribution revealed that bulk deposition contains a higher amount of 
smaller particles compared to dry deposition as shown in Figure 5. This is attributed to the ability of 
rainfall to scavenge fine particles in the atmosphere. These conclusions are confirmed by the findings 
of Croft et al (2009) and Chester et al (1999). Croft et al (2009) noted that the wet deposition process 
is very efficient in removing atmospheric particulate matter and can efficiently remove particulates with 
radii <0.1µm. Chester et al (1999) noted that dry deposition is dominated by large-sized particles (>8.4 
µm diameter).  
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 Figure 5: Cumulative average particle size distribution for bulk deposition samples 
 
Considering Figure 5a and Figure 5b, it is evident that there is no clear separation of particle size 
distributions of the smaller particles (<1 µm) in the dry or bulk deposition samples from “set 1” or “set 
2” sites. However, the particle size distributions of the dry and bulk deposition particles of diameter >1 
µm are clearly separated. This suggests that particles with diameter <1 µm are rapidly dispersed in the 
atmosphere resulting in a more uniform distribution. However, the atmospheric distribution of larger 
particles (>1 µm) is relatively less efficient as the influence of gravity is dominant (Zheng et al, 2005). 
Hence, they settle quickly close to the source of origin. Furthermore, wind and buoyancy forces 
become dominant when the mass of particles reduces. Therefore, particles >1 µm are easily 
transported by both wind and dispersion processes. These findings are in agreement with finding of 
Goforth and Christoforou (2006) in that the deposition of particles with diameter >2.5 µm is primarily 
influenced by gravitational settling. 
4. CONCLUSIONS 
The following conclusions were derived from the research study undertaken: 
• Dry atmospheric deposition correlates closely with the antecedent dry period and consist primarily 
of relatively coarser particles (>1 µm diameter). 
• There is no appreciable variation in dry deposition among investigated road sites suggesting that 
there is rapid dispersion of pollutants among sites with set 1 and set 2 characteristics. Wind and 
vehicle induced turbulence have a secondary influence on pollutant distribution. 
• Particles with diameter <1 µm are rapidly dispersed in the atmosphere leading to a more uniform 
distribution and majority of larger particles (>1 µm) settle in close proximity to the source of origin. 
• Bulk deposition is not related to the antecedent dry period, but rather it is related to the rainfall 
depth. 
• Bulk deposition contains a relatively higher amount of smaller particles (<1 µm) compared to dry 
deposition. This highlights the efficiency of rainfall in scavenging relatively finer pollutants from the 
atmospheric phase.  
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